PDB Reference: P. polycephalum cytochrome b 5 reductase, 2eix, r12eixsf.
Introduction
Cytochrome b 5 reductase (cyt b 5 R; EC 1.6.2.2), which is involved in the microsomal electron-transport system and erythrocyte function, catalyzes the two-electron transfer from NADH through FAD (flavin adenine dinucleotide; Strittmatter, 1965; Iyanagi et al., 1984) to two molecules of cytochrome b 5 .
This enzyme is known to exist in two forms: a membrane-bound form and a soluble form. The membrane-bound form is composed of a hydrophobic domain (residues 1-25, MW ' 3 kDa) and a catalytic domain (residues 26-300, MW ' 30 kDa). The hydrophobic domain serves to anchor the protein to the microsome via strong noncovalent interactions with the lipid bilayer. The catalytic domain, which contains an active site and FAD, projects into the surrounding cytosol. This form is primarily embedded in the endoplasmic reticulum membrane as an amphipathic protein and participates in a variety of metabolic transformations, such as the desaturation (Oshino et al., 1971 ) and elongation of fatty acids (Keyes & Cinti, 1980) , cholesterol biosynthesis (Reddy et al., 1977) and cytochrome P450-dependent hydroxylation reactions (Hildebrandt & Estabrook, 1971) . The soluble form, which only contains the catalytic domain, is found in circulating erythrocytes, where it catalyzes methaemoglobin reduction in the electron-transport system (Hultquist & Passon, 1971) .
Cyt b 5 R proteins have been identified in a wide range of eukaryotic genomes, including those of fungi (Csukai et al., 1994) , yeast (GenBank CAA86908), plants (Fukuchi-Mizutani et al., 1999) , nematodes (Kamath et al., 2003) , insects (Jones et al., 2001) , fish (GenBank BC045880), amphibians (Klein et al., 2002) , birds (GenBank AJ294706) and mammals (Strittmatter, 1965; Yubisui et al., 1986) . The structures of soluble cyt b 5 R proteins from pig Nishida, Inaka, Yamanaki et al., 1995) , rat (Bewley et al., 2001) and human (Bando et al., 2004) have been determined using X-ray crystallography.
The slime mould Physarum polycephalum, a member of the myxomycetes, has a life cycle that includes a characteristic plasmodium phase during which the mould contains many nuclei but is not subdivided into cells. To grow, P. polycephalum has an unusual and specific requirement for protohaem. This requirement can be used when studying the mechanism and regulation of the mitochondrial electron-transport chain. Here, the structure of P. polycephalum cyt b 5 R was determined at 1.56 Å resolution in a study aimed at understanding the role of cyt b 5 R in the unique life cycle of the organism. By comparing the structure with that of human cyt b 5 R in terms of the three-dimensional architecture and the thermal phase transition, we have examined the relationship between the structure and thermal stability of this enzyme.
Materials and methods

Crystallization
Cyt b 5 R from P. polycephalum was expressed as described previously (Shirabe et al., 1989; Ikegami et al., 2007) . The enzyme was overexpressed in Escherichia coli as an -thrombin-cleavable fusion protein. The protein, which lacked the 33 N-terminal amino-acid residues, was then purified and used in crystallization experiments.
Crystals of P. polycephalum cyt b 5 R were grown using the hangingdrop vapour-diffusion method (McPherson, 1999) . A 1.5 ml drop of 0.7%(w/v) protein solution (pH 7.0) was equilibrated against 1.5 ml 50 mM n-(2-acetamido)iminodiacetic acid buffer pH 7.0 containing 200 mM NaI and 18-20% PEG 4000 at 293 K. A crystal (0.6 Â 0.08 Â 0.1 mm) was transferred into reservoir solution containing 25% glycerol as a cryoprotectant before collection of diffraction data.
Diffraction data collection and structure determination
Diffraction data were collected at 100 K at the BL44XU beamline of SPring-8, which was equipped with a DIP6040 image-plate detector. Diffraction images were processed and scaled with DENZO and SCALEPACK (Otwinowski & Minor, 1997) , respectively.
The crystal belonged to the orthorhombic space group P2 1 2 1 2 1 , with unit-cell parameters a = 101.08, b = 136.37, c = 45.72 Å . The value of the Matthews coefficient was 2.49 Å 3 Da À1 for one molecule per asymmetric unit, which corresponded to a solvent content of 50.7%.
The structure was determined using the molecular-replacement method (Rossmann & Blow, 1962) and the atomic parameters of human cyt b 5 R (PDB code 1umk; Bando et al., 2004) . MOLREP was used for molecular replacement. The electron-density map was calculated with SFALL and SIGMAA from the CCP4 program suite (Collaborative Computational Project, Number 4, 1994) . The structural model was manipulated using Coot (Emsley & Cowtan, 2004) and was refined with REFMAC5 (Murshudov et al., 1997) and CNS (Brü nger et al., 1998) . Solvent molecules were automatically added using ARP/wARP during the refinement cycles. The model was fitted to the composite OMIT map and the FAD molecule was built into the electron-density map. Structural refinement was performed until the model could not be improved as judged by a reduction in the R free value. The statistics of the refinement are summarized in Table 1 . The stereochemical quality of the refined structure was inspected using PROCHECK (Laskowski et al., 1993) . In the structure, 96.1% of the nonglycine residues were in the most favourable regions of the Ramachandran plot; the remaining eight residues were in additional allowed regions and no residues were in disallowed regions. The overall G factor was À0.1.
Differential scanning calorimetry (DSC)
DSC was carried out with a MicroCal VP-DSC differential scanning calorimeter (Northampton, MA, USA). Prior to measurements, the protein solutions were dialyzed against 10 mM sodium phosphate buffer pH 7.6. The dialyzed samples were filtered through a 0.22 mm pore-size membrane and then degassed in a vacuum. The DSC thermograms were obtained at a scan rate of 1 K min À1 with a protein concentration of 1.1-1.4 mg ml À1 . The DSC curves were analyzed Table 1 Intensity data and structural refinement statistics.
Values in parentheses are for the outer shell. 
Intensity data
Figure 1
Stereoview of P. polycephalum cyt b 5 R. The subdomains include the FAD-binding domain (blue), the NADH-binding domain (red) and the linker region (green). The FAD molecule is shown as a stick model. Amino-acid residues are shown using the single-letter notation and the secondary structures marked in Fig. 2 are shown. The capital letters N and C represent the amino-and carboxy-termini, respectively. This figure was produced using PyMOL.
using Origin software from MicroCal for the curves, subtracting a thermogram of buffer alone obtained under identical conditions.
Results and discussion
3.1. P. polycephalum cyt b 5 R structure
The three-dimensional structure of P. polycephalum cyt b 5 R was determined at 1.56 Å resolution. The final model included one protein molecule containing 243 amino-acid residues (Lys39-Phe281), one FAD molecule, one glycerol molecule, two iodide ions, one sodium ion and 237 water molecules in each crystallographic asymmetric unit. The first five residues of the protein (Glu34-Ser38) were invisible in the electron-density maps.
As shown in Fig. 1 , the structure consists of two major domains: the N-terminal FAD-binding domain (Lys39-His144) and the C-terminal NADH-binding domain (Glu156-Phe281). The FAD-binding domain is a -barrel consisting of six antiparallel -strands (F1-F6) with a Greek-key motif. An -helix (F1; Gly123-His131) and a short loop (Val119-Lys122) are attached to the -barrel (Fig. 2) . The NADHbinding domain has three motifs (Rossmann et al., 1974 (Rossmann et al., , 1975 . These domains are linked by the linker region (Gly145-Lys155), which is a random coil that may function as a hinge to allow efficient electron transfer of the reducing equivalents from the NADH molecule to the FAD molecule by correctly orienting the FAD-and NADH-binding domains (Bewley et al., 2001; Davis et al., 2004) . The linker region is shorter than those of the cyt b 5 R proteins from higher eukaryotes (Figs. 2 and 3c ), including the cyt b 5 R proteins from pig, rat and humans; these proteins have a larger 29-amino-acid linker region and three antiparallel -strands are formed in the middle of the protein Nishida, Inaka, Yamanaka et al., 1995; Bewley et al., 2001; Bando et al., 2004) . Phe147, Tyr149 and Lys155 of the linker region interact with Gln84 of the FAD-binding domain and Asn179 and Asp249 of the NADH-binding domain, respectively.
The 'lid region' (Val119-Lys122; Fig. 2 ), which forms a surfaceexposed loop, is nine residues shorter than the corresponding region in human cyt b 5 R (Fig. 3a) . The protrusion of the lid from the F1 helix is smaller than that of human cyt b 5 R by approximately 5 Å . Tyr120 O forms hydrogen bonds with Gly123 N and Gln127 N "2 ; Tyr120 N also forms a hydrogen bond with Ser126 O . These hydrogen bonds stabilize the loop structure of the lid.
The FAD molecule is located between the two domains, but primarily interacts with the FAD-binding domain. The flavin mononucleotide (FMN) moiety of P. polycephalum cyt b 5 R can be superposed on that of the human cyt b 5 R, whereas the adenine moieties of the two cyt b 5 R proteins have different orientations (Fig. 3) . The riboflavin ring moiety is located in a predominantly hydrophobic pocket, where it makes van der Waals interactions with the F4 strand (residues 85-101) and the N1 helix (residues 163-178); F4 contains part of the FAD-binding motif (RxYTxxS; residues 99-105) and N1 includes the NADH-binding motif (GxGxxP; residues 163-168). In addition to hydrophobic interactions, hydrogen bonds tightly fix the FAD molecule between the FAD-and the NADH-binding domains (Fig. 4) , as has been observed in other cyt b 5 R proteins Nishida, Inaka, Yamanaka et al., 1995; Bewley et al., 2001; Bando et al., 2004) moiety and the protein in P. polycephalum cyt b 5 R was similar to that observed in human cyt b 5 R.
To compare the structures of the P. polycephalum and human cyt b 5 R proteins, the structures of the two enzymes were superposed using the least-squares method. The root-mean-square deviations for each C atom and for each side chain are given in Fig. 5 . Although the overall structures clearly superposed with each other, local structural differences were detected in various regions, including Lys39-Asn45 (I), Ser106-Asp107 (II), Lys122 (III), Met153 (IV) and Pro257-Asn261 (V) (residue numbering based on P. polycephalum cyt b 5 R; Fig. 5 ). Lys122, Met153 and Pro257 are close to sites that are deleted in the proteins from lower eukaryotes compared with those from higher eukaryotes. The cause of the structural change at Ser106-Asp107 can be attributed to a difference in the hydrogen bonding of the residues. P. polycephalum cyt b 5 R preserves a hydrogen bond between Ser106 O and Glu109 N corresponding to the first of four hydrogen bonds (Ser98 O-Asp101 N, Asp99 O 1 -Gly71 N, Asp99 O 2 -Leu72 N and Asp101 O 2 -Ser98 N) in the human cyt b 5 R; the other three hydrogen bonds are lost, resulting in a different conformation from the human cyt b 5 R.
Structural features and thermostability of P. polycephalum and human cyt b 5 R
The stability of a protein depends on its structure and is an effective indicator of the core structure of a protein. We examined the thermal stability of the P. polycephalum and human cyt b 5 R proteins. The thermal denaturation of the proteins was monitored by DSC measurements at a scan rate of 1 K min À1 in 10 mM phosphate buffer pH 7.6 (Fig. 6 ). The P. polycephalum and human cyt b 5 R protein solutions were turbid after heating, indicating that the heat denaturation of the proteins is not reversible under the conditions examined. Therefore, the data were not amenable to rigorous thermodynamic analysis. We then adopted the peak temperature on the DSC curve as the denaturation temperature (T m ). The P. polycephalum and human cyt b 5 R proteins exhibited T m values of 324.2 and 332.4 K, respectively; the denaturation temperature of the P. polycephalum cyt b 5 R was 8.2 K lower than that at which human cyt b 5 R denatures (Fig. 6) .
Hydrogen bonds, ion pairs, accessible surface area (ASA) and cavity volume were examined in order to explore the structural features that resulted in the difference in the stabilities of the DSC curves for the P. polycephalum (blue) and human (red) cyt b 5 R proteins. Table 3 Intramolecular ionic interactions of P. polycephalum and human cyt b 5 R.
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Negative Distance (Å )
Glu254 O "2 2.76 Figure 5 The r.m.s.d. in Å between common atoms from the corresponding residues of the P. polycephalum and human cyt b 5 R proteins. The deviations for the main-chain and side-chain atoms are indicated in red and blue, respectively. Residue numbering is based on P. polycephalum cyt b 5 R. Table 2 The amino-acid compositions of the P. polycephalum and human cyt b 5 R proteins. enzymes. The P. polycephalum and human cyt b 5 R proteins consist of 243 and 275 amino-acid residues, respectively. The amino-acid compositions ratios were similar for the two proteins ( Table 2) .
Residues that formed ion pairs within 3.0 Å are listed in Table 3 . The total numbers of hydrogen bonds and ion pairs within 3.0 Å in the P. polycephalum and human cyt b 5 R proteins were evaluated (Tables 3 and 4 ). The numbers of hydrogen bonds (0.79) and ion pairs (0.021) per amino-acid residue in P. polycephalum cyt b 5 R are slightly lower than those (0.83 and 0.036, respectively) in human cyt b 5 R. Hydrophobic interactions are one of the important stabilizing forces of the folded conformation of proteins (Yutani et al., 1977 (Yutani et al., , 1987 Kellis et al., 1988) . The difference in the unfolding Gibbs energy change arising from hydrophobic effects (ÁÁG HP ) between the P. polycephalum and human cyt b 5 R proteins was estimated using the equation (Funahashi et al., 2001) ÁÁG HP ðkJ mol À1 Þ ¼ 0:154 ðkJ mol À1 Å À2 Þ Â ÁÁASA nonpolar ðÅ 2 Þ À 0:0254 ðkJ mol À1 Å À2 Þ Â ÁÁASA polar ðÅ 2 Þ;
where ÁÁASA nonpolar and ÁÁASA polar are the differences between the P. polycephalum and human cyt b 5 R proteins in the change in the ASA of nonpolar and polar atoms, respectively, for all residues upon denaturation. The strength of the hydrophobic interactions (ÁG HP ) in P. polycephalum cyt b 5 R was 290.0 kJ mol À1 lower than in human cyt b 5 R (Table 4 ). This indicates that compared with human cyt b 5 R, the weaker hydrophobic interactions in P. polycephalum cyt b 5 R are the basis of the lower denaturation temperature observed for this protein.
The compact packing of amino-acid residues results in a small cavity volume in the internal portion of a protein (Eriksson et al., 1992) . The difference in the energy contribution to protein stability arising from cavity size (ÁG CAV ) between the P. polycephalum and human cyt b 5 R proteins can be represented as (Funahashi et al., 2001) , ÁG CAV ðkJ mol À1 Þ ¼ À0:052 ðkJ mol À1 Å À3 Þ Â ÁV ðÅ 3 Þ:
Compared with human cyt b 5 R, the increase in the stabilization (ÁG CAV ) of P. polycephalum cyt b 5 R arising from the change in the cavity volume was À7.8 kJ mol À1 (Table 4 ).
These results indicate that the difference in the hydrophobic interactions in the P. polycephalum and human cyt b 5 R proteins was the primary factor underlying the lower denaturation temperature of P. polycephalum cyt b 5 R, although differences in the internal packing of the two proteins contribute to the stability of the proteins. Table 4 Estimation of the difference in stability of the P. polycephalum and human cyt b 5 R proteins based on the structural information.
ÁASA represents the difference in the ASA between the native state and the denatured state of the enzymes. C/S and N/O represent nonpolar and polar atoms, respectively. ÁÁG represents the difference in ÁG between the P. polycephalum and human cyt b 5 R proteins. 
